CHAPTER II
RECORDING AND REPRODUCING: MEDIA, MEANS, AND MECHANISMS
(An Introductory Presentation.)

Because this chapter is quite properly
labelled “introductory,” the reader who
is generally familiar with magnetic tape
recording may be tempted to give it little
or no attention. We respectfully urge you
to resist this temptation, however, for, al-
though much of what is written here will
be familiar to the experienced eye,
enough is new, or at least freshly and
helpfully restated, to reward thoughtful
reading.

2.1 About Recording and Reproducing.
Throughout this handbook, we shall be
concerned with a relatively small and nar-
rowly specialized body of electronic and
electromechanical technology that has
been developed for the storage and
retrieval of measured or observed infor-
mation . . . specifically, of electrical “sig-
nals,” which we shall shortly define and
describe in some detail*. First, however,
let us use figure 2-1 to define the storage
and retrieval process in a very general way
— just specific enough to develop a small
vocabulary.

We may begin with any phenomenon
in any physical “system” — e.g., tempera-
ture, pressure, force, position, velocity,

*We distinguish between the signals gathered
for engineering and production-test purposes
and those involved in audio, video, or other es-
sentially non-scientific pursuits. We also
acknowledge that, at times, audio and video
signals have high scientific purposes.

flow rate, acceleration, acidity, or volt-
age. In most instances, we require a trans-
ducer to convert the phenomenon to an
electrical quantity (because we propose
to use an electronic recording system),
unless, as in the case of voltage, we are al-
ready observing a voltage, current, resis-
tance, or other electrical parameter. Then
we usually find it convenient to condition
the electrical output of the transducer,
perhaps simply by amplifying it, but
often by performing other “operations”
on it — operations such as filtering, ana-
log-to-digital conversion, compression,
etc.

The conditioned and/or converted
electrical signal is now presented to the
recorder, which contains circuits and
mechanisms that store the signal’s infor-
mation, more or less permanently, in a
“medium.” In this text, we are concerned
solely with storing information in the
medium known as “magnetic tape.” This
medium comprises a reel of very thin, flat
ribbon of plastic material, onto one sur:
face of which has been coated an even
thinner layer of a magnetizable substance.
The “‘substance” comprises a dispersion
of particles of a magnetically “hard” ma-
terial (see page 13) in some binding agent.

The recording “means” is a magnetic
recording “head,” of the type described
in Chapter I, pages 15 to 16. The recorder
circuits respond to the signal by driving
currents through the head windings so as
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Figure 2-1, Storage and Retrieval of Measured
or Observed Information.,
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to cause a varying flux in the head core.
This flux variation appears also at the
“front gap” of the head, magnetizing the
tape in that vicinity, as shown in figure

2-2.

Assuming constant tape speed, the
tape now contains a record — a history
— of the signal, because it retains a
“memory” of the flux variations that
occurred in the recording head. Because it
is magnetically hard, its “retentivity” will
be high, and it will not be easily de-mag-
netized, except by the application (deli-
berately or inadvertently) of very intense
magnetic fields. Furthermore, the “infor-
mation density” of magnetic tape can be
very high — i.e., it can contain a very
large volume of information in a very
small volume of tape. Modern recording
tape is so thin that thousands of feet of it
can be stored on a single reel, and many
parallel channels of information may be
stored on a relatively narrow tape . .. as
many as 42 across a single inch is not
uncommon. Finally, it is relatively low in

cost compared with other storage media
of comparable performance, and it can be
re-used many times, by “erasing” the old
information*.

When the information is to be
retrieved, the tape on which it is stored is
simply driven past a magnetic head of the
same basic format as the recording head
(but differently proportioned, to be sure)
and the flux patterns retained in the tape
cause voltage variations to be induced
into the reproduce-head windings, as
shown in figure 2-3.

Circuits in the reproducer interpret,
condition, and otherwise modify the
induced voltages into a more-or-less faith-
ful representation of the original recorded
signal. (How faithful, and under what
conditions, is the subject of much that
follows, of course!)

*It is possible, but not advisable, to dispense
with erasing, by simply re-recording, the new
data automatically replacing the old; but eras-
ure is necessary for best results.
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Figure 2-2, Elemental depiction of magnetic
recording. Both the size of the “front gap”

in the recording head and the thickness of
the tape are much exaggerated compared with
the dimensions of the head itself.
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Figure 2-3, Elemental depiction of reproduc-
tion of signal recorded on magnetic tape.
Both the size of the gap and the thickness
of the tape are much exaggerated compared
with the dimensions of the head itself.

The purpose of the “filter and equalizer’ are
discussed later in this chapter, in Section 2.8,



Remember that the original signal
may have been greatly altered from its
original nature, in the block of figure 2-1
labelled ‘‘SIGNAL CONDITIONER
AND/OR CONVERTER. If so, what is
stored on the tape may be unrecog-
nizable, until reconverted or re-conditio-
ned, or both, in the reproducer’s cir-
cuitry. It may, in fact, be coded digitally
into magnetized “bits,” nevertheless, the
model of figure 2-1 remains valid and use-
ful.

There it is: a superficial and general
description of instrumentation tape
recording; but it will serve us now, and its
simplicity need not either burden or
restrict us later.

Maxwell, when questioned about the
nature of “the ether” in which electrical
‘““yibrations” were thought to occur, said,
“We shall dismiss the ether, and keep the
vibrations.” In a similar pragmatic vein,
we propose to ‘“‘dismiss the recording
techniques (for the moment), and keep
the signals.”

2.2 About Signals. The parameters that
measure and describe natural phenomena
are all analog functions of time. That is
merely to say that, when any physical
observation is made of any gross natural
process*®, the plot of the observed values
against time is a continuum. Figure 2-4
illustrates this notion.

Even so-called “pulses” are seen to
be continuous waveforms with respect to
time, if they are generated by real circuits
(and not as mathematical abstractions),
because they have finite rates of rise and
fall, however fast ... as shown in figure
2-5.

Thus we see that every signal begins
in nature as an analog signal, and one of
the most prevalent, important, and
unending tasks in both experimental

*The word “gross” is inserted to exclude sub-
atomic phenomena, some of which are
“quantized,” or discontinuous with time.
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Figure 2-4, In a continuum, no matter how
greatly we expand the time scale, the progress
of the signal from a given time to an infinitesinal-
ly later time is always a continuous function

of time, with no zero-time “jumps” in value.

science and applied engineering is to
measure signal magnitude and polarity
variations** with time, over periods of
time of specific interest, and to record
this information for later reference and
analysis. In fact, a signal may be defined
as “a time function that bears informa-
tion” about a physical phenomenon or
system.

Considered as a continuous function
of time, a signal has two important prop-
erties: its bandwidth of interest, which
may be considered to be defined by its
Fourier spectrum (see figure 2-6), and its
energy level, which is defined by the
voltage (or current) and impedance levels
of its source.

2.3 Attaining Fidelity. An ideal measur-
ing and recording system would be one
that could accept any signal of interest, in
the form in which our measurement
equipment presented it, and reproduce it
faithfully — i.e., exactly, to convenient
scale. By “convenient scale,” we mean
that the reproduced signal output may be
more useful if it bears some constant
amplitude ratio (other than unity) to the

- **Even if a signal does not vary with time, this
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can be important information; indeed, even
if the amplitude is zero, at or for some time,
that observation may be important.



original signal — e.g., if it is 10 or 100
times larger. But apart from scale
changes, an ideal recorder would repro-
duce exactly what was presented to it ori-
Znally.

It will come as no surprise that ideal
behavior is as rare in instrumentation
recording as it is everywhere else in this
imperfect world. Practical instrumen-
tation tape recorders do not reproduce
exactly the information presented to
them ... although they can approach
ideal behavior for signals well within their
rated ranges of performance. In the next
three sections, we shall consider the three
most important kinds of non-ideal
behavior: noise, amplitude non-linearity,
znd bandwidth limitations (or frequency/
phase non-uniformity).

2.4 Noise. Noise is best defined as any
reproduced signal component that im-
parts false information — i.e., that does
not represent the information presented
to the recording system, but was, instead,
introduced either during recording or
reproduction®. (Note: noise may also be
introduced before the signal is presented
to the recorder — e.g., in the measuring
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Figure 2.5. Even “pulse’ waveforms are
continua, because, if generated by physically
realizable circuits or systems, they exhibit

finite rise and fall times (instantaneous “jump”).

*This definition is, sad to say, defective in one
respect: it does not differentiate between
“false information” introduced by non-linear-
ity, and all other kinds. We mean to exclude
non-linearity effects (e.g., harmonics gen-
erated by the recording/reproducing process)
from the signals we call “noise.”
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Figure 2-6, The “Fourier spectrum’ of a time-
domain signal is the plot of all of the magnitudes
of its frequency components vs. frequency, as in
the lower graph.

circuits, in the signal-to-recorder con-
nection paths, etc. All noise sources must
be dealt with, or at least considered and
allowed for, but here we shall consider
only noise introduced by the recording/
reproducing process.)

Noise takes many forms: random,
broadband signals; periodic signals at the
power-line frequency and some of its har-
monics; aperiodic or random slowly
changing signals (often called drift); im-
pulses, both periodic and random; and
even sine, pulse, or other waveforms of
thoroughly respectable appearance, but
having absolutely no relevance to the sig-
nal presented to the recorder.

Whatever their form, if noise com-
ponents have been added during record-
ing or reproduction, they must be
charged to the account of the instrumen-
tation tape recorder. Usually, this aspect
of recording fidelity is expressed in terms
of the “signal-to-noise ratio,” or S/N ratio
(or simply S/N). This parameter is defin-
ed as the ratio, expressed in decibels (dB),
of the signal magnitude (voltage, current
or power) to the noise magnitude (volt-
age, current, or power), as given by equa-
tions (2:1) or (2:2):

S/N =20 log Esi 'al or 20 log Isi .al
E noise I noise
or, for power ratios:
P signal
N=10log =22 (2:2
8 Olog P noise (2:2)

(2:1)
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But this is not an adequate definition
of S/N ratio, because it does not specify
the bandwidth over which noise level and
signal level are to be measured. If the band-
width of interest is very narrow — e.g.,
500 Hz to 2kHz — then we may inter-
pose a bandpass filter between the repro-
ducer output and the load, greatly attenu-
ating any noise energy that lies outside
the signal band of interest; hence, such a
system should properly be rated in terms
of the ratio of reproduced signal level to
the noise level measured over the 500 Hz
to 2 kHz band, thereby effectively im-
proving the relevant S/N ratio.

If the “power density” (watts/Hz)
spectrum were flat — ie., if we had
“white noise,” then the ratio of noise
levels (E; and E,, or P; and P,) for two
different bandwidths (BW; and BW,)
would be:

E, - /BW, ,, P - BW,

E, BW, P, BW,
but much of the noise output in direct
recording is non-uniform with frequency,
because of the equalizer. If we represent
the noise spectrum by: logP =K —A log f
plotted on a log-log scale, we can estimate
the fraction of the wideband noise in a
specific band. For example, assume
0.1 VRMS noise (across 600£2), or
—20dBm measured from 200 Hz to
1.6 MHz (13 octaves). Assumé uniform
equalization of 6 dB per octave (78 dB
over 13 octaves). What noise level be
measured in the one-octave range 6.4 kHz
to 12.8 kHz? From simple geometry ...

—20dBm = 0.1 V across 6002

/ —50 dBm

) AVERAGE = 53 dBm

(2:3)

—56 dBm

78d8 —98 dBm
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6.4 kHz 12.8 kHz
log f

200 Hz 1.6 MHz

1x53
= 0.1123
8 X 59 LR

And the voltage ratio is , /0.1123 = 0.3351

Therefore, the narrowband noise level
would be 0.3351 X 0.1VRMS=
0.0335VRMS across 600£2.

When the signal is converted to a
digital before recording, the significance
of S/N ratio is lost... at least until a
complementary (digital-to-analog) conver-
sion is done (if ever). In any event, the
effect of recorder-induced noise in the
recording and reproduction of digital sig-
nals is not easily predicted.

The power ratio is

2.5 Amplitude Non-Linearity. Amplitude
non-linearity is best defined by consider-
ing the entire system, from recorder input
to reproduce output, as a network having
a certain transfer function. We measure
the ratio of output amplitude to input
amplitude at some one frequency that is
well within the normal signal bandwidth
ratings of the system. This ratio is the
amplitude transfer function . .. the slope
of any one of the output vs. input curves
of figure 2-7. If that slope is constant, the
system is perfectly linear; but we shall
always find some non-linearity. In fact, if
we increase the signal level far enough,
the effects of saturation (of the head, the
tape, the drive amplifier, the reproduce
amplifier, or some combination of the
four) will eventually be dominant.
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Figure 2-7, Input-output curves for various
gain (sensitivity) settings.






